InGaN membranes with light-emitting diode (LED) structures were separated from an undoped GaN nanorod structure on sapphire substrates through a chemical lift-off (CLO) process. The CLO processes consisted of a reducing diameter process on the GaN nanorods structure and a crystallographic wetetching process on an N-face GaN surface. The N-face crystallographic-etching process was limited by the boundary of the GaN nanorods, where a InGaN active layer can prevent etching damage in a hot potassium hydroxide solution. The light output power of the lift-off LED membrane had a 2.28 times enhancement compared with a non-treated LED. A pyramidal-roughened structure was formed on the liftoff GaN surface to increase the light extraction efficiency. The free-standing InGaN LED membranes were realized through a crystallographic-etch-limited CLO process, which has the potential to replace the traditional laser lift-off process for vertical LEDs and be applied to flexible optoelectronic membrane applications.
Introduction
Gallium nitride (GaN) materials have attracted considerable interest for the development of optoelectronic devices such as laser diodes (LDs) and light-emitting diodes (LEDs). InGaNbased LEDs have been intensively investigated for various applications, such as backlighting in liquid crystal displays and solid-state lighting sources. However, the commercial LEDs are usually grown on a sapphire substrate, it is an insulator and its thermal conductivity is low, which causes the device performance to degrade at high current density injection. Moreover, it is necessary to put the p-type and n-type electrodes on the same side, which leads to current crowding at high operating currents. 1 Fujii et al. 2 and many researchers have utilized the laser lift-off (LLO) technique to separate the sapphire substrate and LED structure. However, the equipment used for the LLO technique is more expensive and the high laser treatment damages the GaN layer during the LLO process. 3 An alternative way to separate the GaN epitaxial layer from the sapphire substrate is by a chemical liftoff (CLO) technique. The stretchable 4, 5 semiconductor nanomembranes 6 and nanobelts 7 prepared have wide applications in flexible designs. The CLO technique has been realized using a CrN layer, 8 ZnO layer, 9 InGaN layer, 10 Si-doped n-GaN layer, 11, 12 SiO 2 -coated tungsten mask, 13 and a nanoporous SiO 2 mask layer 14 as sacrificial layers. Recently, our group has reported that InGaN-based LED structures were grown on triangle-shaped 15 and truncated-triangle-striped 16 patternedsapphire substrates and were separated through a CLO process by laterally etching an AlN sacrificial layer at the GaN/sapphire interface. Hsieh et al. 17 reported the photoelectrochemical liftoff of from a patterned sapphire substrate for fabricating vertical LEDs. A stretchable inorganic light-emitting diode display was fabricated through using the ultrathin and microscale AlInGaP LEDs. 18 Park et al. 19 demonstrated that doping and selective etching was used to lift-off a GaN epitaxial layer. Zhang et al. 20, 21 reported that a nanoporous GaN layer for the lift-off process of GaN layers. Intrinsic issues that limit the pursuit of high efficiency InGaN LEDs include charge separation issues in the quantum well, 22,23 a high dislocation density in GaN, 24, 25 and a low-cost method for the efficient extraction of the LEDs. 26 In this paper, InGaN membranes with a LED epitaxial structure were separated from a GaN/sapphire template through a crystallographic-etch-limited CLO process. The InGaN-based LED structure was regrown on undoped GaN nanorods that formed an air-gap structure for the CLO process. By immersing in a hot potassium hydroxide solution (KOH, 80 uC), the diameter of the GaN nanorod structure was reduced and finally detached from the GaN/sapphire template. A pyramidal structure was observed at the wet-etched GaN surface of the chemical lift-off LED due to the N-face GaN crystallographic wet-etching process. The geometric morphol- ogies and optical properties of the CLO-LED epitaxial layers are analyzed in detail.
Experimental details
To fabricate the GaN nanorod structures, a 30 nm-thick GaN buffer layer was grown at 550 uC, then a 6 mm-thick unintentionally doped GaN (u-GaN) layer was grown at 1150 uC on a patterned sapphire substrate through a metal-organic chemical vapor deposition (MOCVD) system. Next, a 75 Å-thick Ni metal layer was deposited on the u-GaN layer through an e-gun evaporator. The Ni-coated u-GaN template was subsequently formed as Ni metal clusters self-assembled through a rapid thermal annealing process with a N 2 ambient gas at 850 uC for 90 s. The u-GaN template was dry-etched through an inductively coupled plasma reactive-ion-etching (ICP-RIE) system to form the nanorod structure. After removing the Ni nano-mask in nitric acid (HNO 3 ) solution, u-GaN nanorods with 200-400 nm diameters and a 0.5 mm-depth were formed. Then, the InGaN-based LED structures were regrown on the u-GaN template with a nanorod structure in the MOCVD system. Trimethylgallium (TMGa), trimethylindium (TMIn) and ammonia (NH 3 ) were used as gallium (Ga), indium, and nitrogen source materials, respectively. Silan (SiH 4 ) and biscyclopentadienyl magnesium (CP 2 Mg) were used as the n-type doping and p-type doping source, respectively. The regrown LED epitaxial layer consisted of a 4 mm-thick n-GaN layer (1150 uC), nine pairs of In0.2GaN/In0.01GaN (3 nm/13 nm) multiple-quantum wells (MQWs) (830 uC), six periods of Al0.3GaN/GaN (2 nm/2 nm) electron blocking layer (950 uC), a 0.13 mm-thick p-GaN layer (950 uC). The mesa regions of the LED structures were defined through the ICP dry-etching process. Subsequently, a 250 nm-thick ITO film was deposited on the mesa region as a transparent conductive layer (TCL), and the Cr/Au (50 nm/2500 nm) metal layers were deposited as the n-type and the p-type metal contacts. Then, the LED chips were separated through the scribe and break processes. The size of the LED chip was 1140 6 1140 mm 2 . The carrier concentration of the doping n-GaN was 2 6 10 18 cm 23 , and the p-GaN layer was 4 6 10 17 cm
23
, as analyzed by the Hall effect measurement, respectively. The LED chips were immersed in a hot KOH solution (0.5 M, 80 uC) for the CLO process. The LED structure, without the CLO process, was defined as a standard LED (ST-LED). The geometric morphology of the CLO-LED structures was observed by optical microscopy (OM) and a field-emission scanning electron microscope (FE-SEM, JEOL 6700F). The light-intensity profiles that went across the whole LED chip were measured by a beam profiler. The output power and the far-field radiation patterns were measured on nonencapsulated LEDs in chip form. The electroluminescence (EL) spectra, the current-voltage curves, and the light output power were characterized by an optical spectrum analyzer (Ando 6315) and a precision semiconductor parameter analyzer (HP 4156C).
Results and discussion
The schematic of the LED structure and the process steps are shown in Fig. 1 penetrated through the air-gap structure into the central LED chip region for the wet-etching process. By increasing the wetetching time, the dark regions with low light emission intensities became smaller in the wet-etched LED chips, that corresponded to the OM images shown in Fig. 2(c) . Moreover, high light intensities were observed for the wet-etched LED chips, as the light scattering process was increased by the formation of the inverted-pyramidal structure at the etched N-face GaN surface.
The schematic diagrams of the wet-etched LED structure on the u-GaN nanorods are shown in Fig. 3(a) . Through the airgap surrounding the u-GaN nanorods, the KOH solution penetrates and reduces the diameter of the GaN nanorod structure and etches the GaN surface into the invertedpyramidal structure. Finally, the regrown LED epitaxial layer is separated from the nanorod structure. After the 0.5 h crystallographic wet-etching process in hot KOH solution, the air-gap structure between the u-GaN template and regrown LED epitaxial layer was observed clearly from the crosssectional SEM micrograph, as shown in Fig. 3(b) . The inverted-pyramidal structure was also formed at the bottom of the nanorod structure in contact with the regrown LED epitaxial layer through the N-face crystallographic wet-etching process. Fig. 3(c) shows that the diameter of the GaN nanorod structure was reduced through the lateral wet-etching process for the following CLO process.
After the 5 h wet-etching process, the regrown LED epitaxial layer, with a size of 1140 6 1140 mm 2 , was self-separated from the u-GaN/sapphire template structure in the hot KOH solution. The surface morphology of the lift-off GaN surface was observed on the CLO-LED chip, as shown in Fig. 4 (a) and (b) with 10 0006 and 20 0006 magnification, respectively. In Fig. 4(a) , the pyramidal GaN structure formed through the N-face crystallographic wet-etching process can be observed. The fracture of the nanorod structure was observed clearly on the tip of pyramidal structure in the high magnification SEM micrograph shown in Fig. 4(b) . Fig. 4(c) shows the TEM micrograph of a wet-etched GaN nanorod with a top fractured structure, which shows the structure of the lift-off InGaN membranes that was pointed out in the SEM micrograph shown in Fig. 4(b) . In Fig. 4(d) , the high magnification TEM micrograph shows the interface of the fracture structure and the wet-etched GaN nanorod structure. The atomic images and the diffraction pattern of the GaN nanorod structure were observed clearly and are shown at the right-side of the TEM micrograph shown in Fig. 4(d) . An amorphous GaOx structure with a micro-grain structure was observed in the fracture structure, which was identified by the ring pattern shown in the inset of Fig. 4(d) . During the wet-etching process, the GaN nanorods were oxidized in the KOH solution to reduce the mechanical strength of the wet-etched GaN nanorod. The airgap structure between each nanorod structure was less than 1 mm, which was designed for limiting the bottom-up N-face crystallographic wet-etching process occurring in the air-gap region. After the CLO process, the space between each fracture structure on the top of pyramidal GaN structure was about 1.5 mm, which indicated that the height of the pyramidal GaN structure was less that 2.5 mm. The height of the fracture nanorods was about 0.5 mm, which was similar to the dryetched nanorod structure. The fracture position of the nanorod was observed at the top of the nanorod surface in contact with the regrown GaN layer in the ST-LED structure. In the LED structure, the distance between the InGaN active layer and the nanorod structure was about 4 mm, so the InGaN active layer will not be damaged. The GaN nanorod structure acted as a boundary region to limit the bottom-up N-faceetching process. The self-separated InGaN membranes were formed by the weakening of the GaN nanorods as an amorphous GaOx layer.
In the CLO-LED chips, the peak wavelength of the EL spectra were measured as 444.1 nm and 443.5 nm at 1 mA and 10 mA operating currents, respectively, as shown in Fig. 5(a) . The peak emission wavelength of the CLO-LED exhibited a slight blue-shift when the injection current increased, which was caused by the band filling effect in the InGaN MQW layer. In Fig. 5(b) , the current-voltage (I-V) characteristics and the light output power as a function of the operating current were measured for the ST-LED and the CLO-LED. Both the CLO-LED and ST-LED were analyzed as the top emitting devices. The light emission properties of both LED structures were analyzed using the lateral current injection on the ST-LED and the vertical current injection on the CLO-LED. The LED chips with a lateral electrode structure were lifted off from the GaNtemplate/sapphire structure directly through the wet-etching process. The operation voltages were measured at 2.91 V for the ST-LED and 3.77 V for the CLO-LED, respectively, at a 20 mA operation current. The high operation voltage was measured in the CLO-LED because the electric probe was in contact with the lift-off GaN surface directly without a metal contact for the vertical-type LED measurement. At a 20 mA injection current, the light output power of the CLO-LED had a 2.28 times enhancement compared with the ST-LED structure. The high light output power was attributed to the improvement of the light extraction efficiency on the pyramidalroughened GaN surface for the CLO-LED. The normalized farfield radiation patterns of the ST-LED and the CLO-LED were measured at a 20 mA operating current shown in Fig. 5(c) . The detection angles were varied from 0u (left side) to 90u (normal direction), then to 180u (right side) in order to analyze the farfield patterns. The divergent angles of the ST-LED and the CLO-LED were calculated at the values of 140u and 102u, respectively. The divergent angle of the CLO-LED structure became small, which was caused by the redirecting of the EL emission light to the normal direction of the LED chip. The light emitting image of the CLO-LED obtained at a 3 mA operating current is shown in Fig. 5(d) . The right electric probe was in contact with the nickel (Ni) metal layer coated on the glass substrate, which was in contact with the ITO layer and the p-pads on the p-GaN layer, and the left electric probe was in contact with the n-GaN surface (lift-off GaN surface) directly without metal contact. The vertical-type CLO-LED demonstrated a uniform light emission intensity through a quick electrical probe measurement. The observed uniform light emission intensity of the lift-off CLO-LED chip was caused by the high electron mobility and the high current spreading property on the GaN layer.
Conclusions
The InGaN LED epitaxial layer was lifted off from the GaN nanorod structure through a boundary-limited CLO process. The KOH solution penetrated into the center of the LED chip through the air-gap surrounding the GaN nanorod structure, which then reduced the diameter of the GaN nanorods for the self-separated CLO process. A high light output power and small divergent angle were observed in the CLO-LED membranes, where the emission light was redirected by the pyramidal-roughened GaN structure on the lifted-off GaN surface. After the wet-etching process, the GaN nanorod structures were etched directly and underwent the selfseparating process from the GaN template layer. The GaN template layer can be re-used for the next epitaxial regrowth process. This regrowth process has potential applications in the preparation of high quality single crystal GaN substrates. The free-standing lifted-off InGaN membranes were realized through the boundary-limited CLO process.
